The past decade has witnessed the unveiling of a powerful new generation of genetically engineered mouse (GEM) models of human cancer, which are proving to be highly effective for elucidating cancer mechanisms and interrogating novel experimental therapeutics. This new generation of GEM models are well suited for chemoprevention research, particularly for investigating progressive stages of carcinogenesis, identifying biomarkers for early detection and intervention, and preclinical assessment of novel agents or combinations of agents. Here we discuss opportunities and challenges for the application of GEM models in prevention research, as well as strategies to maximize their relevance for human cancer.
Introduction: Modeling Cancer Prevention in Genetically Engineered Mutant Mice
Despite many recent advances, cancer remains a leading cause of death in the United States. Whereas many patients have benefited from the development of new approaches for diagnosis and treatment, ultimately, the most successful strategy for eradicating cancer will entail discovery of more effective means for its prevention, early detection, and early intervention. We contend that genetically engineered mouse (GEM) models can augment prevention research; however, to date, these models have not been widely exploited for prevention studies. Here we present our views on the progress, potential, and pitfalls of using GEM models for prevention research, and conclude with a discussion of how we can best capitalize on these models in the future. For a more in-depth discussion of GEM models in cancer prevention, the reader is referred to ref. 1 .
GEM models of human cancer refer to mouse strains in which the genome has been manipulated to achieve gain or loss of oncogene or tumor suppressor gene function, the consequences of which are manifested in tumor phenotypes (2) . Similar to chemically induced rodent models, which historically have been widely used in prevention research, GEM models provide an opportunity to investigate carcinogenesis in the context of the whole organism. However, GEM models are distinct from chemically induced rodent models because their tumor phenotypes are induced by manipulating a specific gene or genetic pathway rather than inducing with carcinogens and/or other cancer promoting agents. Thus, GEM models enable the assessment of specific molecular pathways for tumorigenesis in the context of the whole organism.
GEM models are also distinct from xenograft models, which are typically based on the propagation of human tumors and/or cell lines in immune-deficient mice. Whereas xenograft models have the obvious advantage of being developed from human cancer cells, they are often derived from established tumors or cancer cell lines (and often from advanced tumors or metastases), and therefore are unlikely to precisely model early events in carcinogenesis. Moreover, because xenografts are propagated in immunodeficient mice, they do not recapitulate the contributions of the tumor microenvironment, bacterial flora, or host immune system for carcinogenesis, which is of considerable concern because it is becoming increasingly apparent that these play critical roles in carcinogenesis, particularly at early disease stages (3) (4) (5) . Moreover, xenograft models are not suitable for testing immunomodulators for cancer prevention.
However, critics of GEM models argue that their relevance for human cancer has not been established (6) , and they cite examples in which studies in mouse models have not been validated to human cancer (see below). On the other hand, proponents of GEM models contend that the problem is not that the models are not relevant, but that the experimental parameters have not been designed in such as way as to effectively translate studies from mice to human cancer (7) (8) (9) . Indeed, the applicability of prevention studies done in GEM models of human cancer will invariably depend on the choice of the model, the design of the experiment, and many other logistical issues. Ultimately, for prevention studies in GEM models to be applicable to humans, the models need to be appropriately chosen such that their biological and pathologic properties are relevant for the experimental question being asked and, conversely, the experimental design of the study should be analogous to design of prevention research in humans.
Accordingly, it is imperative to establish criteria for evaluating the relevance of a particular GEM model for a given experimental paradigm. Such criteria should include (a) pathologic analyses-Does the model display histologic and pathologic features in common with human cancer or a subtype thereof? (b) Disease evolution-Does the model recapitulate the stages of disease progression as occurs in humans? (c) Tumor microenvironment-Does the model effectively recapitulate the contribution of host factors including the tumor stroma, bacterial flora, and immune response for cancer progression? (d) Molecular pathways-Does the model display relevant genetic, genomic, epigenetic, and/or proteomic alterations that are known to be relevant for their human counterpart? (e) Environmental factors-Do hormonal, dietary, or other factors affect disease progression in the mouse models in a similar way as they do in humans?
Notably, it is often the case that in the course of characterizing these criteria for GEM models, new insights emerge that are relevant for understanding the molecular and biological properties of the human disease. For example, analyses of GEM mice have elucidated critical biological mechanisms of tumorigenesis, including the role of telomere length in disease pathogenesis (10) and, more recently, the role of cellular senescence in tumor suppression in vivo (11) . Similarly, comparative analyses of the molecular properties of mouse and human tumors have enabled comprehensive analyses of global alterations in genomic pathways (12) , as well as the identification of specific genes that are novel biomarkers of disease outcome in humans (13, 14) . Furthermore, improvements in modeling disease evolution have led to new mouse models that display metastases as well as adenocarcinoma (15) (16) (17) .
In the discussion that follows, we provide a historical perspective on the types of GEM models that are available for prevention research. Following which, we discuss past experiences using mouse models in prevention research and consider how these experiences can affect the design of future studies. Finally, we consider opportunities for using GEM models as well as obstacles that need to be overcome to effectively capitalize on their application for prevention research.
The First Generation: The Oncomice
Historically, the first GEM models of human cancer were the transgenic models, the so-called "oncomice," in which a particular gene (most often an oncogene and in many cases SV40T antigen) was expressed in the mouse genome via a tissue-specific promoter, resulting in a cancer phenotype (reviewed in ref. 18 ; Table 1 ). These oncomice provided some of the earliest GEM models for pancreatic, breast, prostate, and brain cancer, and their analyses over the past two decades have provided the foundation for many investigations of cancer mechanisms and have been used in preclinical studies for both prevention and experimental therapeutics.
As is the case for all model systems, transgenic models have certain advantages as well as limitations. One of the major reasons that transgenic models remain popular is their relative simplicity of design and propagation; typically, they provide a straightforward means of assessing the consequences of gain of function of particular genes for tumorigenesis. However, disease evolution is unlikely to be similar to that of their human counterpart because cancer is initiated by expression of an exogenous gene and generally not stoichastically. Furthermore, the generation of transgenic models depends, by definition, on the availability of suitable promoters that achieve targeted expression in the appropriate cell types and in the appropriate spatial-temporal domains such that the resulting cancer phenotypes resemble their human counterparts. Whereas this may seem a high bar to achieve, in practice several promoters have effectively been used for the development of transgenic models that recapitulate the progression and phenotypic features of their counterpart human cancer (18) .
The Second Generation: Loss of Function of Tumor Suppressors
The next phase in the evolution of GEM models of cancer was based on targeted deletion of tumor suppressor genes in the germ line (Table 1) . Among the first of such models were those resulting in targeted deletion of Trp53 and Rb1, which develop a spectrum of cancer phenotypes (2) . Notably, their tumor spectrum was found to be dissimilar from the consequences of mutations of these tumor suppressor genes in human cancer, which has been offered as an indictment of the lack of relevance of these GEM mouse models for human cancer. However, subsequent studies have shown that gain-offunction mutations of Trp53, in contrast to null mutations, lead to more similar tumor phenotypes to human cancer (19, 20) , and have also shown that the occurrence of a retinoblastoma phenotype in Rb1 mutant mice is dependent on alterations of other genes (21) . Interestingly, although these and other germline mutant mouse alleles have extensively been used to investigate cancer mechanisms, to date they have not been widely used for cancer prevention studies.
Another potential limitation of germ-line mutant alleles is that they are more similar to inherited forms of cancer than sporadic forms, which are far more prevalent in humans. However, improved technologies for manipulating the mouse genome have led to more sophisticated gene targeting approaches, wherein selected genes of interest are conditionally inactivated (or conditionally activated) in spatially and temporally restricted domains. These conditional models include those based on loss of function of tumor suppressor genes, such as Trp53 and Pten, as well as gain of function of oncogenes, such as Kras (reviewed in ref. 2) . Conditional gene targeting offers many advantages over traditional gene targeting in the germ line, such as overcoming the problem of embryonic lethality, which often precludes analyses of homozygous germ-line deletion of tumor suppressor genes, such as Rb1 and Pten. In addition, selective gene targeting to specific cell or tissue compartments often yields GEM models with a more restricted spectrum of tumor phenotypes, which are more suitable for preclinical studies.
The "Next" Generation of Mouse Models of Cancer
Conditional models depend on having suitable approaches for achieving targeted gene deletion/activation in spatially and temporally restricted domains. Thus, what has truly revolutionized the application of such models for human cancer has been the tremendous advances in recent years for achieving highly restricted expression of Cre recombinase in tissue-specific compartments using transgenic or "knock-in" approaches, as well as the potential to selectively regulate Cre activity using derivatives that are activated by tamoxifen or other compounds (Table 1; refs. 7, 22) . Furthermore, technological improvements have enabled the introduction of Cre recombinase into specific tissue sites using adenoviral or lentiviral approaches. For example, selective delivery of Cre recombinase via an adenoviral delivery into the lungs of a mouse allele harboring a conditionally activatible Kras allele has led to the generation of a mouse model of lung cancer, which has provided new insights for stratifying human patients with lung cancer and has been effectively used for preclinical studies for experimental therapeutics and prevention research (23) (24) (25) .
In addition to Cre recombinase, other strategies for achieving regulatable expression are enabling the spatial and temporal control of multiple genes in specific tissue contexts. For example, other important technological approaches include the utilization of systems in which gene expression can be turned on or off using tetracycline-regulated activators affecting the responsive promoters driving the transcription of a gene of interest (17) , which has been applied to several organ systems, including lung, lymphoid, and breast, to study the roles of oncogenes in tumor maintenance and the mechanisms of tumor recurrence (26, 27) . Other approaches for manipulating gene expression include targeted expression of the TVA receptor in specific mouse tissues (28) , which has led to the generation of valuable models of central nervous system and other tissues (29) . Moreover, as an alternative to gene targeting approaches, new technologies for the stable "knockdown" of gene expression in vivo by delivery of RNA interference moieties are proving to be effective for developing mouse models of cancer (30, 31) .
Finally, there have been major technological advances in small animal imaging approaches including bioluminescence, ultrasound, positron emission tomography imaging, and magnetic resonance imaging (32) . These technologies now enable the effective visualization of tumors in vivo, which has made a huge effect on the effective utilization of GEM models and will surely be an asset for their application for cancer prevention. Indeed, it is now possible to visualize small clusters of activated cells or early lesions in vivo (33), which can be particularly advantageous for early intervention studies.
In summary, a robust generation of GEM models is now available or in the pipeline, which are based on the restricted loss or gain of function of gene expression in highly selective tissue-specific compartments and with precise temporal kinetics. Several of these models have already been validated to the human cancers they emulate, often to specific subtypes of the disease, and are now being exploited for the development of novel therapeutic approaches in academic and industrial settings. However, it is important to note that relatively few studies of cancer prevention have been done using this "next" generation of more sophisticated GEM models of human cancer. Thus, the potential promise of GEM models for cancer prevention research remains largely unexplored.
Lessons from the Past: Successes or Failures?
Although GEM models have been relatively underutilized in prevention research, lessons from previous studies can help to assess their potential value for cancer prevention in future research. In particular, the colon is among the best-studied areas of prevention research in which mouse models have been used extensively (34, 35) . This reflects, in part, a longstanding tradition of prevention research in colon cancer, as well as the availability of a chemically induced Apc Min (multiple intestinal neoplasia) mouse model of the disease based on mutational loss of function of the Apc (adenomatosis polyposis coli) gene, which is also mutated in the familial adenomatous polyposis syndrome and many human colon cancers (34, 35) . Notably, while the Apc Min model has been extensively used to gain insights into the mechanisms of colon carcinogenesis and for prevention research, the phenotype occurs mainly in the small intestines and is noninvasive, whereas a newer generation of GEM models that develop colon cancer should provide improved models for colon cancer prevention research (35, 36) .
Extensive epidemiologic evidence has shown that individuals consuming a high-fat "Western-style" diet have a higher incidence of many cancers and that agents such as vitamin D have a protective effect against cancer. Preclinical studies done in the Apc Min model to investigate the consequences of a Western-style diet, including reduced calcium and vitamin D and increased fat, for colon carcinogenesis resulted in elevated cancer-rates in the mutant mice, in agreement with the epidemiologic data (34, 35) . However, some subsequent prospective clinical trials did not confirm that altering dietary factors led to prevention of colon cancer (37) , which led to concerns about the relevance of these preclinical studies in mice for human colon cancer. Skeptics of using mouse models for cancer prevention have offered these data as an indictment of the limited relevance of these models to human cancer. However, proponents of mouse models have noted that the trial design and endpoints of the clinical trial were quite different than those of the epidemiologic and preclinical studies, and have suggested that the discrepancy between these findings may reflect differences in experimental design rather than actual differences between the mouse and human situations (38) .
Indeed, whereas it is customary to consider the criteria of the best model, perhaps it may be more relevant to consider the most appropriate model for the experimental question; surely, any model, no matter how relevant, can be considered nonpredictive if it is not used in the appropriate contextual framework. Importantly, because any model will undoubtedly have certain limitations, the issue is not whether a given model recapitulates every aspect of the human disease (which would be nearly impossible!) but rather whether it provides reliable information for the experimental question that is being addressed and whether the experimental design will ultimately lead to insights that will be applicable to human cancer.
The Challenge of Using GEM Models for Cancer Prevention
So, why have GEM models been so underutilized in cancer prevention thus far? One important reason has been the need for model refinement. Indeed, GEM models that are likely to be most effective for prevention research have come on board only recently. However, in addition, there remain important practical and scientific issues that have hampered the use of GEM models in cancer prevention research and will continue to do so if not addressed.
One key problem is that prevention research requires the integration of multiple scientific perspectives. Improving ways of bringing together epidemiologists, basic scientists, mouse modelers, geneticists, bioinformaticians, and clinicians will be imperative for making real headway in cancer prevention. Unfortunately, communication between these multiple areas of research has been limited, particularly with respect to the potential application of GEM models for prevention research.
A second major problem is one of cost. Preclinical studies in mutant mice are expensive and difficult to recover from standard funding mechanisms. Although GEM models are now being increasingly used for experimental therapeutics by the pharmaceutical industry, most prevention research has been focused in academic settings and there has been little opportunity for cost-sharing with industry.
Another major stumbling block for virtually all studies using GEM models of cancer is the lack of sufficient numbers of pathologists that can critically evaluate GEM models relative to the human cancers they represent. Whereas the involvement of pathologists will be key to the successful establishment of a concerted effort in applying mouse models to cancer prevention, the number of veterinary and academic medical pathologists available for such collaborative efforts is limited.
Finally, a significant impediment to the use of GEM models has been intellectual property issues. In particular, broad patents on the use of genetically engineered mice for cancer studies have hampered preclinical testing of compounds using GEM models in academic and industrial settings (9, 18) . Fortunately, the recognition that GEM models may play a critical role in identifying compounds that are more likely to succeed in human clinical trials has begun to accelerate their use in both academic and industry settings (9) .
Opportunities for Using GEM Models for Cancer Prevention
Despite these challenges, the future of GEM models for cancer prevention is very promising. The time is now ideal for exploiting a new generation of highly sophisticated mouse models to address critical issues in cancer prevention (Fig. 1) . So, what are the major opportunities for using GEM models to augment prevention research? First of all, GEM models offer a unique opportunity to interrogate the earliest stages of carcinogenesis in the context of the whole animal.
Whereas premalignant lesions are often inaccessible in humans, they can be readily studied in GEM models, particularly with the benefit of new imaging modalities. Such studies in GEM models can facilitate our understanding of the molecular pathways that are deregulated in preinvasive lesions in humans, as well as provide models to test the consequences of targeting such pathways with chemopreventive agents. Indeed, it would be exceedingly difficult to identify the relevant pathways in premalignant or early invasive lesions in human cancer, considering their relative inaccessibility, the overall heterogeneity, and the inability to study progression over time. However, once pathways and mechanisms have been identified in GEM models, they can be readily assessed to evaluate their potential relevance for human cancer.
In addition, because most GEM models are developed from defined genetic alterations, carcinogenesis is relatively uniform and generally dependent on specific deregulated pathways. Therefore, cancer phenotypes in mouse models tend to be relatively homogenous, which can help to overcome the problem of biological variation due to the tremendous genetic diversity in studying human cancers. As a consequence, GEM models can provide a filter for the identification of relevant molecular pathways for target validation as well as biomarker detection. An exciting recent application is the use of serum profiles from GEM models to identify potential biomarkers for early detection of human cancer (39, 40) . Furthermore, analyses of tumor phenotypes in genetically variant strains of mice can help to identify "risk" factors or "modifier" genes that influence tumor phenotypes (41) , which would be exceedingly difficult to identify in humans.
Finally, appropriately designed preclinical studies in GEM models can provide an important resource for investigating the efficacy of novel chemopreventive agents, as well as the consequences of dietary, chemical, hormonal, and/or environmental influences on carcinogenesis. In particular, studies in GEM models can enable the initial testing of pharmacologic agents, individually or in combination, and can also provide initial insights into their toxicity limits and mechanisms of action in vivo (9, 42, 43) . Moreover, GEM models offer a resource for investigating the consequences of environmental influences (e.g., the contribution of diet), the intestinal flora, or hormonal influences in carcinogenesis (44) (45) (46) .
In summary, GEM models offer a unique opportunity for providing biological and mechanistic insights into the interplay between genetic and environmental factors that influence cancer initiation, as well as preclinical models to test the consequences of targeting specific factors for alleviating carcinogenesis. Whereas analyses of mouse models will never be a suitable replacement for human clinical studies, such analyses can surely aid in the refinement of such studies to the considerable benefit of the human population assuming that the appropriate models are used in the appropriate experimental paradigms.
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